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TITLE 

ELECTRIC MACHINE WITH SOFT MAGNETIC TEETH 
AND A METHOD FOR PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 

1- Field of the Invention 

This is- a continuation of International Application 
PCT/DE98/01826, with an international filing date of July 2, 
1998, and with priority of the German application 197 2 8 
172.9, filed on July 2, 1997, now abandoned. 

The invention concerns an electric machine with soft 
magnetic teeth at the air gap surface and a production process 
for such a machine . 

2 . Description of Prior Art 

Electric machines with soft magnetic teeth at the 
air gap surface are known in a diversity of designs under the 
name of "step motor" or "switched reluctance machine" . The 
toothing causes the magnetic resistance of the magnetic flux, 
which flows through the air gap, to change as the rotor is 
moving. The utilizable forces depend on the tooth geometry, 
the magnet izability of the soft magnetic material, and the 
flux density in the air gap. 

One design which is distinguished by its simple 
winding technique is the transversal flux machine. The soft 
magnetic body has gaps in circumferential direction that 
correspond to approximately one half of the pole width. The 
current flowing in the conductor ring can generate only a weak 
magnetic field in said gaps so that these circumferential 
sections contribute more to power loss than to useful 
performance . 

From DE 43 25 740 CI, a transversal flux machine is 
known in which U-shaped soft magnetic cores are arranged 
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around the conductor ring, the tangential width of said soft 
magnetic cores increasing disproportionately as the radius of 
the conductor ring increases. This results in gaps in 
circumferential direction between the radially inner ends of 
the cores which are wider than the width of the cores 
themselves . 

In DE-OS 28 05 333 and DE 40 40 116 C2 , segmented 
soft magnetic bodies are described in which the layering of 
the tooth cores is effected perpendicular to the layering of 
the yoke sheets . 

From DE 34 14 312 Al, a permanent magnet excited 
machine with groups of electromagnets is known where the 
electromagnets have non-wound half-poles on both ends in 
direction of movement. The phase offset is generated by a gap 
between the electric pole units. The poles and half -poles 
have pole shoes which, with a plane air gap surface, provide 
only tight groove slots for inserting the wire winding. The 
ferromagnetic circuit of the electromagnet groups is made as a 
unit . 

Furthermore, from DE 42 41 085 Al is known the 
attachment of pole shoes to pole cores by means of 
dovetailing . 

The objective of the present invention is, 
therefore, to advance a machine that is functioning in 
accordance with the reluctance principle in such a manner 
that, at reasonable production costs, the torque-to-bore 
volume ratio in relation to the air gap surface is increased 
and the ohmic and magnetic losses are decreased. 

SUMMARY OF THE INVENTION 

According to the invention, this objective is 
achieved in accordance with the characteristics of claims 1 
and 6 . 
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According to the invention, the soft magnetic teeth 
which define the air gap surface consist of a material that, 
compared to the remaining soft magnetic body, provides a 
higher flux density at the same magnetic field strength and/or 
a higher magnetic saturation flux density. Preferably, grain 
oriented electric sheet or a cobalt-iron alloy is used for the 
teeth. 

In order not to impair the power increasing effect, 
the total cross section of the remaining soft magnetic body in 
direction of the magnetic flux is larger than the sum of the 
tooth surfaces that border on the air gap. 

Example: By utilizing a cobalt-iron alloy, the flux density 
in the teeth at equal current supply to the machine 
can be increased by up to 2 0% (2.3 T versus 1.9 T) . 
With the air gap surface being equal or, 
respectively, in a machine of approximately equal 
size, the capacity of the machine increases by 44%. 
Alternatively or complementary, the soft magnetic 
body in which the conductor coils are arranged consists of 
prefabricated pole segments which are made preferably of grain 
oriented electric sheet. Every other pole is non-wound and 
consists of two pole halves which are connected by a non- 
magnetic holding element. The number of teeth at the air gap 
surface of the spooled pole corresponds to twice the number of 
the teeth of a half-pole. The preferably T-shaped holding 
element consists of a material with low magnetic and electric 
conductivity and prevents the movement of the half-poles in 
direction of the magnetic flux in the air gap. The half- 
poles, on the other hand, fix the spooled pole element in its 
position . 

This modular construction corresponds to the second 
basic idea of the invention and permits also the advantageous 
use of grain oriented material, thereby optimally utilizing 
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the good magnetizability in the air gap area and the machine 
area where the space must be shared by the conductor material 
and the ferromagnetic material. The increase of magnetic 
resistance which impairs the capacity of the machine occurs in 
the grain oriented pole segments at only approximately 1.9 T. 
On the other hand, the increase of magnetic resistance in not 
grain oriented electric sheet occurs already at 1.6 T. Only 
the novel segmentation - in comparison to the state of the art 
- of the wound body allows optimal utilization of the grain 
orientation in the groove area of the poles. 

The higher flux density in the pole allows at a like 
air gap diameter and a like magnetic flux an enlargement of 
the groove width, and the additional groove space makes a 
decrease in winding losses possible. Additionally, the pole 
winding does not need to be threaded through a tight groove 
slot . 

Example: Compared to a conventional machine where the pole 

core width equals the groove width in the middle of 
the groove area, the pole core width, at equal flux 
density in the air gap, can be increased by 15% by 
fabricating the pole segments from grain oriented 
electric sheet. Additionally, thanks to the more 
advantageous winding technique, the pole coil can be 
made with a 65% instead of a 50% space factor. In 
total, a 50% larger copper cross section surface per 
groove or, respectively, a decrease of winding 
losses of 33% is achieved. 

Essential for this improvement is the segmentation 
of the wound soft magnetic body into spooled poles and non- 
spooled half-poles where the half-pole constitutes at least 
one tooth at the air gap surface. The spooled pole and the 
two half-poles connected to the same in the yoke area are a 
magnetic unit that is separated from adjacent identical 
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magnetic units by non-magnetic holding elements. The teeth of 
the half-poles separated by the holding element are more 
distant from each other in direction of the movement than the 
teeth within the magnetic unit and thereby generate a phase 
offset between adjacent magnetic units. 

The non-magnetic holding elements avoid 
counteracting forces from undesirable leakage flux and thereby 
also increase the force density of the machine. The negative 
influence of the secondary air gap is largely avoided by 
pressing the pole segments together and by a distinct increase 
of the contact surface by means of a beveled cut. In 
addition, an increase of the magnetic resistance in the yoke 
area is avoided by keeping the thickness of the yoke in 
direction of the groove depth at 75% of the width of the 
spooled pole. The combination of the effects 

- more advantageous magnetization due to grain oriented pole 
segments , 

- compact winding technique of the pole coils, 

- short flux paths and decoupling of the phases due to 
magnetically separated units, 

results in a distinct increase of the power density. 

Besides improved capacity and lower winding losses, 
the segmentation according to the invention reduces the 
complexity of the punching tools and the punching waste. 
Winding of the pole coils is simplified and the additional 
assembly expense due to the large number of prefabricated pole 
parts is justifiable when utilizing flexible automated 
assembly machinery. The segmentation of the double limb pole 
machine according to the invention is suitable for rotating 
designs with radial and axial air gap field as well as for 
linear drives. 

Better space and material utilization in rotating 
machines, particularly in those with transversal flux 
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arrangement, is also achieved by the use of electric sheet 
with a differential thickness from end to end. Presently, 
electric sheet of constant thickness is used exclusively in 
the electrical engineering industry. In accordance with the 
third basic idea of the invention, the sheets are shaped in 
direction of their thickness prior, during or after punching. 
This is done preferably in a rolling step prior to punching, 
and the result is an electric strip with a trapezoidal cross 
section . 

The trapezoidal strip can be used advantageously in 
transversal flux machines by arranging one complete layered 
iron ring from two different punched sheets around the 
conductor rings. The flux is concentrated in the teeth, which 
preferably consist of a cobalt-iron alloy, in the vicinity of 
the magnetically active air gap only. The use of electric 
laminations of trapezoidal cross section is also advantageous 
in radial and axial flux machines, particularly in 
intermediate stators or rotors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings display advantageous embodiments of the 

invention . 

Figure 1 shows a circumferential cutout from a cross 
section of a step motor with external rotor with pole shoe 
caps and a built up rotor ring. 

Figure 2 shows one half of a cross section of a 
transversal flux machine with tooth inserts of a cobalt-iron 
alloy. 

Figure 3 shows a cutout from the axial lateral view 
of the soft magnetic body of the transversal flux machine of 
Fig. 2. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figure 1 shows a cutout from the cross section of a 
reluctance machine according to invention (1) which consists 
of six identical magnetic units (2) with four teeth (3) each. 
In the cutout, only one magnetic unit is shown which consists 
of a spooled pole segment (4) and two identical non-spooled 
half pole segments (5) . Pole and half pole segments consist 
of axially stacked grain oriented electric sheet with the 
preferred direction in radial direction. The half poles have 
one tooth at the surface of the air gap (6) . 24 stator teeth 
(3) are arranged opposite 2 6 tooth segments (7) of the rotor 
(8) . The distance between the teeth (3) of adjacent half 
poles (5) is larger by 2/3 of the tooth width compared to the 
distance of the teeth within a magnetic unit. The number of 
teeth per magnetic unit may be 4, 8, 12, 16 etc. (respectively 
4 x k with k being an integer) , and the number of magnetic 
units may be any multiple of the number of phases. 

So that the rotor teeth (7) do not generate 
increased magnetic resistance prior to the stator teeth (3), 
they are made of grain oriented electric sheet as well. On 
the other hand, the rotor ring (9) consists of electric sheet 
that is not grain oriented. The tangentially bundled 
laminations of the rotor teeth (7) have a slightly trapezoidal 
cross section. This cross section is achieved by using 
trapezoidal rolled electric strips. The strips are bundled 
into bars and pressed into a heated rotor ring. During 
cooling, the pressure of the rotor ring (9) onto the rotor 
teeth (7) increases, so that firm seating is guaranteed. In 
addition, the tangential space between the rotor teeth is 
filled with a mechanically stable insulation material (10) 
that contributes further to the stability. 

In the stator, the space between adjacent teeth (3) 
of different magnetic units is occupied by the broad end of 
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the T-shaped holding element (11) . The holding elements 
consist also of a non-magnetic material with low electric 
conductivity and high mechanical strength. 

The pole coil (12) is spooled onto the pole segment 
(4) in a previous production step. In this step, a 
considerably higher space factor can be achieved by exact 
placement of the wire under tensile stress than by inserting 
the winding through the groove slot (13). Subsequently, the 
two adjacent half poles (5) are pressed on tangentially and 
preferably attached by gluing. The completely assembled 
magnetic unit (2) is now axially inserted into the preheated 
holding body (14) . During cooling, the T-shaped holding 
elements (11) contract and thereby generate a prestress which 
stabilizes the three-piece soft magnetic body of the magnetic 
unit even at the high fluctuations of the magnetic normal 
force in the air gap. Additionally, the construction is being 
sealed after assembly. Complementary, a claw-shaped body (not 
shown) can engage in the grooves of the pole segments and 
thereby contribute to stabilization. 

In Figure 2, a cut through one half of the cross cut 
of a two-phase transversal flux machine (15) is depicted. 
Smaller tooth inserts (17) of a cobalt-iron alloy are inserted 
into punched sheet (16) of not grain oriented electric sheet. 
In direction of movement, the rotor segments (18) which also 
consist of a cobalt-iron alloy, are always only faced by the 
tooth inserts (17) or recesses (19) . On the other hand, 
punched sheet (16) encloses the conductor ring (2 0) over the 
entire circumference and the flux density, even at the maximal 
flux density (2.3 T) in the tooth inserts (17), is limited in 
the remaining soft magnetic body (21) to the favorable values 
with regard to stray power between 1.2 and 1.4 T. Because the 
conductor ring (20) is in tangential direction completely 
embedded on three sides by the soft magnetic body (21) , 
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electric current can contribute evenly to the generation of a 
magnetic field over the entire length of the conductor. Only 
in critical contractions of the magnetic flux significantly 
more expensive highly permeable material is being used. 

The proportion of the rotor segments and tooth 
inserts in terms of the weight of the soft magnetic body can 
be reduced to 10 ~ 20% by the design according to invention. 
The result is considerable savings of material costs at 
approximately equal capacity in comparison to a conventional 
machine that consists in its entirety of a cobalt-iron alloy. 

The improvement in the transformation of electric 
energy into magnetic energy is achieved by the use of electric 
sheet of variable thickness. In Figure 3, it can be 
recognized how a gapless soft magnetic ring (21) can be 
produced by tangential stacking of electric sheet (22) with 
trapezoidal cross section. 

Electric sheet with a trapezoidal cross section - as 
shown by the rotor teeth in Fig. 1 - can also be 
advantageously inserted into radial flux machines. 
Furthermore, electric sheet deformed in such a manner can be 
inserted into segmented axial flux machines for better 
utilization of space and, consequently, improvement of 
capacity. 

In the space between the soft magnetic teeth, 
permanent magnets that function as magnetic barriers may also 
be inserted. The present invention is not limited to pure 
reluctance machines but also includes hybrid motors and hybrid 
generators which, in addition to the soft magnetic teeth at 
the air gap are equipped with short circuit windings or 
exciting windings. 
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CLAIMS 

1. Electric machine with at least one magnetic 
circuit and at least two structural groups that are moveable 
against each other, that are separated from each other by an 
air gap, and that contain at least one soft magnetic body 
each, partial areas of the surfaces of said at least two 
structural groups that lie adjacent to the air gap having 
inhomogeneous properties with regard to the magnetic flux, 
wherein at least one said soft magnetic body has a component 
that is disposed near the air gap and consists of a material 
with higher magnet izability and/or higher saturation flux 
density than a part of said soft magnetic body that is 
disposed more distant from said air gap, said part belonging 
to the same said magnetic circuit. 

2. Electric machine in accordance with claim 1, 
wherein at least one said soft magnetic body has teeth at said 
air gap, said teeth consisting of grain oriented electric 
sheet, and at least one other said part of said soft magnetic 
body, said part consisting of electric sheet that is not grain 
oriented. 

3. Electric machine in accordance with claim 1, 
wherein at least one said soft magnetic body has teeth at said 
air gap, said teeth being made of a cobalt-iron alloy, and at 
least one other said part of said soft magnetic body, said 
part being made of another iron alloy. 

4. Electric machine in accordance with claim 1, 
wherein at least one said soft magnetic body consists of 
electric sheet of variable sheet thickness, 

5. Electric machine in accordance with claim 1, 
wherein in a rotating machine said soft magnetic body is 
stacked in tangential direction and the thickness of said 
sheet increases as the radius increases. 
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6. Electric machine with at least one magnetic 
circuit and at least two structural groups that are moveable 
against each other, that are separated from each other by an 
air gap, and that contain at least one soft magnetic body- 
each, partial areas of the surfaces of said at least two 
structural groups that lie adjacent to the air gap having 
inhomogeneous properties with regard to the magnetic flux, 
wherein at least one said structural group contains at least 
two magnetic units that consist of a spooled pole segment and 
two non-spooled half pole segments, said half pole segments 
abutting at least one pole segment in the yoke area. 

7. Electric machine in accordance with claim 6, 
wherein a T-shaped holding element is arranged between two 
adjacent said half pole segments, said holding element 
magnetically separating said magnetic units and preventing 
movement of said half pole segments it holds. 

8. Process for the production of an electric 
machine in accordance with claim 1, wherein said electric 
sheet is deformed prior, during or after punching so that the 
thickness of said sheet varies. 

9 . Process for the production of an electric 
machine in accordance with claim 6, wherein said soft magnetic 
body of said pole segment is prefabricated independently from 
the other parts of said soft magnetic body, and after 
application of a core insulation medium is wound with a 
tensile stressed conductor wire, and said two non-spooled half 
poles are subsequently attached from opposite sides to said 
prefabricated spooled pole. 
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ABSTRACT 

Electric machines operating according to the 
reluctance principle have toothed air gap surfaces between 
their moving and fixed parts. The magnet i 2 ability of these 
teeth directly affects the performance of the machine. 
According to the invention, the teeth projecting into the air 
gap consist of a material which in relation to the remaining 
soft-magnetic body presents better magnetizability and/or 
greater magnetic saturation flux density. This material is 
preferably a grain-oriented electric steel sheet or a cobalt/ 
iron alloy. Alternatively or in addition thereto, the soft- 
magnetic body in which the conductor coils are positioned can 
be made entirely of a grain-oriented material by appropriate 
segmentation. In this case, every other pole is non- spooled 
and consists of two halves separated by a non-magnetic holding 
element. The use of steel sheets rolled at an angle also 
contributes to the improved utilization of space and material 
in rotating machines, especially in transverse flux machines. 
The characteristics of the construction provided for in the 
invention result in the production of little cutting waste and 
thus raise the performance of electric machines with soft- 
magnetic teeth at the air gap surface and reduce losses. 
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America, listed below and have also identified betow, by checking the box, any foreign application for patent or inventor's certificate, 
or of any PCT international application having a filing date before that of the application on which priority is claimed. 



Prior Foreign Application 
Number(s) 



Country 



Foreign Filing Date 
(MM/DD/YYYY) 



Priority 
Not Claimed 



Certified Copy Attached? 
YES NO 



197 28 172.9 
PCT/DE98/01826 



Germany 
PCT 



07/02/1997 
07/02/1998 



□ 
□ 



□ gg 

□ Eg 

□ □ 

□ □ 



Additional foreign application numbers are listed on a supplemental priority data sheet PTO/SB/02B attached hereto: 
hereby claim the benefit under 35 U.S.C. 1 1 9(e) of any United States provisional application(s) listed below. 



Application Number(s) 



Filing Date (MM/DD/YYYY) 



I I Additional provisional application 
numbers are listed on a 
supplemental priority data sheet 
PTO/SB/02B attached hereto. 



+ 
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Burden Hour Statement: This form is estimated to take 0.4 hours to complete. Time will vary depending upon the needs of the 
individual case. Any comments on the amount of time you are required to complete this form should be sent to the Chief Information 
Officer, Patent and Trademark Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS 
ADDRESS. SEND TO: Assistant Commissioner for Patents, Washington, DC 20231 . 



Please type a plus sign (+) inside this box -* 1 + | 



PTO/SB/01 (12-97) I 
Approved for use through 9/30/00. OMB 0651-0032 ""T 



i *k o | — _i * » Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

^^ 3perW0rk Reductlon Act of 1995 ' ™ P^sons are required to respond to a collection of information unless it contain! 
a valid OMB control number. 



DECLARATION — Utility or Design Patent Application 



i jnttS%f«?i.T u £&i 3 k S U-S.C. 120 of any United States applioation(s), or 365(c) of any PCT International application designating the 

f^^^ sag saMAayrol^ 

^r^^^ which b " ^ * «* ^ ° f "pp"- 



U.S. Parent Application or PCT Parent 
Number 



Parent Filing Date 
(MM/DD/YYYY) 



Parent Patent Number 
(if applicable) 



PCT/DE98/01826 



07/02/1998 



Q Additional U.S. or PCT international application numbers are listed on a supplemental priority data sheet PTO/SB/02B attached hereto. 



As a named inventor, I hereby appoint the following registered practi tioner(s) to prosecute this app lication and to transact all business in the Patent 
and Trademark Office connected therewith: Q Customer Number I H . 1 

OR 1 



□ Registered practitioners) name/registration number listed below 



Place Customer 
Number Bar Code 
/ ahel hart* 



Name 



Registration 
Number 



Name 



Registration 
Number 



□ Additional registered practitioner fs) named on supplemental Registered Practitioner Information sheet PTQ/SB/02C attached hereto 



Direct all correspondence to: □ Customer Number 

or Bar Code Label 



Name 



OR [3 Correspondence address below 



Wolfgang Hill 



Address 



Ortenbergstr . 3 



Address 



City 



76135 Karlsruhe 



Country 



Germany 



State 



Telephone 4 9-721-861789 



ZIP 



Fax 



49-721-861789 



1 hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are 
believed to be true; and further that these statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under 18 U.S.C. 1001 and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. y 



Name of Sole or First Inventor: 



□ A petition has been filed for this unsigned inventor 



Given Name ffirst and middle fif anvtt 



Family Name, or Siimamft 



Wolfgang 



Hill 



Inventor's 
Signature 



Residence: City 



Post Office Address 



Karlsruhe 



State 



Country 



12/22/99 



Germany 



Citizenship 



Germai 



Ortenbergstr. 3 



Post Office Address 



City 



Karlsr 



ZIP 



76135 



Country 



Germany 



□ Additional inventors are being named on the supplemental Additional lnventor(s) sheet(s) PTO/SB/02A attached hereto 
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